In Parkinson's disease, impaired motor preparation has been related to an increased latency in the appearance of movement-related desynchronization (MRD) throughout the contralateral primary sensorimotor (PSM) cortex. Internal globus pallidus (GPi) stimulation improved movement desynchronization over the PSM cortex during movement execution but failed to improve impaired motor preparation. PET studies indicate that subthalamic nucleus (STN) stimulation partly reverses the abnormal premotor pattern of brain activation during movement. By monitoring MRD, we aimed to assess changes in premotor and PSM cortex oscillatory activity induced by bilateral STN stimulation and to compare these changes with those induced by Ldopa. Ten Parkinson's disease patients and a group of healthy, age-matched controls performed self-paced wrist¯exions in each of four conditions: without either stimulation or L-dopa (the`off' condition), with stimulation and without L-dopa (On Stim), with L-dopa and without stimulation (`on drug'), and with both stimulation and L-dopa (On Both). Compared with the Off condition, in both the On Stim and the On Drug condition the Uni®ed Parkinson's Disease Rating Scale (UPDRS) III score decreased by about 60% and in the On Both condition it decreased by 80%. The desynchronization latency over central regions contralateral to movement and the movement desynchronization over bilateral central regions were signi®cantly increased by stimulation and by L-dopa, with a maximal effect when the two were associated. Furthermore, desynchronization latency signi®cantly decreased over bilateral frontocentral regions in the three treatment conditions compared with the Off condition. In Parkinson's disease, STN stimulation may induce a change in abnormal cortical oscillatory activity patterns (similar to that produced by L-dopa) by decreasing the abnormal spreading of desynchronization over frontocentral regions and increasing PSM cortex activity during movement preparation and execution, with a correlated improvement in bradykinesia. Parkinsonians under treatment displayed a desynchronization pattern close to that seen in healthy, agematched controls, although central latencies remained shorter. The study indicates that it is possible to in¯u-ence cortical reactivity related to the planning and execution of voluntary movement through the basal ganglia, and furthermore that the oscillatory activity of the PSM cortex (in addition to that of premotor areas) could be of major importance in the control of movement-associated, neural activity in Parkinson's disease.
Summary
In Parkinson's disease, impaired motor preparation has been related to an increased latency in the appearance of movement-related desynchronization (MRD) throughout the contralateral primary sensorimotor (PSM) cortex. Internal globus pallidus (GPi) stimulation improved movement desynchronization over the PSM cortex during movement execution but failed to improve impaired motor preparation. PET studies indicate that subthalamic nucleus (STN) stimulation partly reverses the abnormal premotor pattern of brain activation during movement. By monitoring MRD, we aimed to assess changes in premotor and PSM cortex oscillatory activity induced by bilateral STN stimulation and to compare these changes with those induced by Ldopa. Ten Parkinson's disease patients and a group of healthy, age-matched controls performed self-paced wrist¯exions in each of four conditions: without either stimulation or L-dopa (the`off' condition), with stimulation and without L-dopa (On Stim), with L-dopa and without stimulation (`on drug'), and with both stimulation and L-dopa (On Both) . Compared with the Off condition, in both the On Stim and the On Drug condition the Uni®ed Parkinson's Disease Rating Scale (UPDRS) III score decreased by about 60% and in the On Both condition it decreased by 80%. The desynchronization latency over central regions contralateral to movement and the movement desynchronization over bilateral central regions were signi®cantly increased by stimulation and by L-dopa, with a maximal effect when the two were associated. Furthermore, desynchronization latency signi®cantly decreased over bilateral frontocentral regions in the three treatment conditions compared with the Off condition. In Parkinson's disease, STN stimulation may induce a change in abnormal cortical oscillatory activity patterns (similar to that produced by L-dopa) by decreasing the abnormal spreading of desynchronization over frontocentral regions and increasing PSM cortex activity during movement preparation and execution, with a correlated improvement in bradykinesia. Parkinsonians under treatment displayed a desynchronization pattern close to that seen in healthy, agematched controls, although central latencies remained shorter. The study indicates that it is possible to in¯u-ence cortical reactivity related to the planning and execution of voluntary movement through the basal ganglia, and furthermore that the oscillatory activity of the PSM cortex (in addition to that of premotor areas)
Introduction
The basal ganglia circuitry processes signals that¯ow from a range of structures including the thalami and the cortex (DeLong et al., 1990) , and constitutes an integrative system neuronal discharge in the basal ganglia and, in particular, to abnormal synchronization between the cortical and subcortical oscillatory activities. This latter phenomenon has been demonstrated in animal models of Parkinson's disease (Tseng et al., 2001; Magill et al., 2001) and in human Parkinson's disease using coherence analysis and movement-related frequency-speci®c changes in synchronization (Cassidy et al., 2002; Williams et al., 2002) . Abnormal, corticosubcortical oscillatory activity can give rise to tremor and akinesia induced by aberrant information which codes for a state of cerebral cortex activation (Brown and Marsden, 1998) . The cortical changes in synchronization have been studied in more detail in human Parkinson's disease by monitoring the movement-related desynchronization (MRD) of the mu rhythm, in the a band (7±12 Hz). A number of investigators have demonstrated the delayed appearance of mu rhythm MRD (prior to movement onset) over the central area covering the primary sensorimotor (PSM) cortex contralateral to movement, compared with age-matched controls (Defebvre et al., 1994; Magnani et al., 1998; Wang et al., 1999) . In contrast, a contralateral mu rhythm appears for nearly 2 s over the PSM cortex during movement preparation in healthy subjects, and appears bilaterally over this region during movement execution (Pfurtscheller et al., 1989; Derambure et al., 1997; Guieu et al., 1999) . This decrease in desynchronization latency was considered to represent the motor programming delay observed in even the earliest stages of the disease in untreated hemiparkinsonians (Defebvre et al., 1996) , and which can be partially corrected by chronic (Defebvre et al., 1998) or acute administration of L-dopa (Magnani et al., 1997; Wang et al., 1999) . In advanced Parkinson's disease with motor complications, a variety of functional, neurosurgical treatments of the basal ganglia and the thalamus have been proposed as complements to or replacements for L-dopa therapy (Limousin-Dowsey et al., 1999; Lozano and Lang, 2001) . We have previously demonstrated that globus pallidus internus (GPi) stimulation decreases the abnormal spread of mu rhythm desynchronization during movement preparation over frontocentral regions and induces a selective and focal increase in PSM cortex desynchronization during movement execution. However, GPi stimulation required association with L-dopa in order to signi®cantly improve the desynchronization latency over the PSM cortex (Devos et al., 2002) . In the present study, we measured the mu rhythm MRD in order to assess whether subthalamic nucleus (STN) stimulation, which is currently preferred to GPi stimulation because of its higher clinical ef®ciency (Limousin et al., 1997; Krack et al., 1998; Deep Brain Stimulation Study Group, 2001) , allows the restoration of normal, PSM cortex motor programming. The action of STN stimulation on the basal ganglia circuitry and its relation to motor symptom improvement remain largely unknown. There is a wealth of data suggesting that the STN plays a key role in the control of movement by exerting an excitatory in¯uence on the output structures of basal ganglia, i.e. the pars reticulata substantia nigra and the GPi (Parent and Hazrati, 1995) . It has been suggested that stimulation of the hyperactive STN increases basal ganglia-thalamic out¯ow, thus increasing cortex activation during voluntary movement (Obeso et al., 2000) . Most of the STN stimulation studies to date have been based on a hypothesis which stresses the critical importance of the premotor areas in the impairment of movement control in Parkinson's disease, and have thus tended to focus on these regions. This type of research has revealed either an increase in blood¯ow by PET (Limousin et al., 1997; Ceballos-Baumann et al., 1999; Brooks et al., 2000) or an increased amplitude of the contingent negative variation (Gerschlager et al., 1999) and the frontal N30 component of somatosensory-evoked potentials (Pierantozzi et al., 1999) . However, the effect of STN stimulation on the primary sensorimotor (PSM) cortex during movement has not been established, and thus could be reliably studied by movement-related changes in synchronization (Pfurtscheller and Berghold, 1989; Derambure et al., 1997; Guieu et al., 1999) .
The aim of the present study was to compare the in¯uence of STN stimulation and L-dopa on PSM and premotor cortex oscillatory activity during movement preparation and We focused on spectral analysis of the mu rhythm, a delay in the appearance of which is well established in Parkinson's disease and which is thought to re¯ect the degree of cortical activation during movement phases.
Methods

Subjects
We studied 10 consecutive Parkinson's disease patients (Gibb and Lees, 1988) (i) Without any stimulation or L-dopa for at least the previous 15 h; the condition was designated`off' and was necessarily the ®rst condition in the morning after a night of treatment withdrawal.
(ii) With stimulation and without L-dopa (designated On Stim).
(iii) Without stimulation and after an acute administration of L-dopa (designated On Stim), where the L-dopa dose was the usual ®rst morning dose used by each patient to relieve their symptoms prior to the date of surgery. The On Drug condition was initiated 2 h after switching off the STN stimulation. Indeed, Temperli et al. (2003) found that 90% of the improvement in the United Parkinson's Disease Rating Scale (UPDRS) motor score was lost in the 2 h following discontinuation of STN stimulation (with 10% related to axial signs). Before starting the on-drug recordings, we checked that UPDRS motor scores were indeed back at the baseline after 2 h.
(iv) With stimulation and after an acute administration of L-dopa (designated On Both). The On Both condition was de®ned as the best parkinsonian triad control without (or at most with mild) dyskinesias, according to the CAPIT (Core Assessment Program for Intracerebral Transplantations) committee's criteria (Langston et al., 1992) . The two conditions involving L-dopa were performed last because the end of the L-dopa effect cannot be assessed with certainty: earlier L-dopa use would have entailed a longer time delay before initiating the following condition. The L-dopa dose was the same in the On Drug and On Both conditions (Table 1) . De®nition of the best motor control was based on a long-term survey (over several months) performed in our neurological department prior to the study, in order to assess the best stimulation settings and L-dopa doses (Table 1) . For each condition, clinical evaluation was carried out using the UPDRS motor ratings (Fahn et al., 1987) and its bradykinesia subscore (items 23, 24, 25) for the upper limb performing the movements. The CAPIT tapping test was also analysed (Langston et al., 1992) .
Neurosurgical procedure
The neurosurgical procedure was performed in the Neurosurgery Department of the Lille University Medical Centre, and was similar to that previously described by Benabid et al. (2000) . The procedure was performed in a single session under general anaesthesia. Antiparkinsonian medication was stopped the evening before surgery. The patient was placed in a Talairach stereotactic frame. Next, a double contrast ventriculography was performed: this allowed de®nition of the anterior commissure, the posterior commissure and the midline of the third ventricle, which served as references for determination of the target coordinates according to Guiot's geometrical diagram. The target was de®ned according to the stereotactic coordinates which correspond to the STN area in standard reference atlases. Quadripolar electrodes (Medtronic, Minneapolis, MN, USA) were then implanted using a control stylet into each of the two STN via a frontal anterior double obliquity, and were adjusted as a function of intraoperative microrecordings and stimulation (the patients were awake throughout this latter procedure). The electrodes (with four contacts, contact 0 ventral to contact 3 dorsal, each measuring 1.5 mm in length and 0.5 mm apart) were initially connected to an external pulse generator (Extrel; Medtronic) for stimulation testing. A few days later, programmable pulse generators (Itrel II; Medtronic) were implanted into the subclavicular region and connected to the electrodes. The electrode contacts were selected and the electrical parameters (pulse width, voltage and frequency) were optimized by telemetry in order to provide the best relief of parkinsonian symptoms in the`on' condition and with the fewest possible side effects in the`off' condition (Table 1) . No adverse effects of bilateral STN stimulation were noticed. Patients and controls gave their written, informed consent and the study was approved by the Local Ethics Committee of Lille.
Experimental procedure
The study was carried out using bipolar STN stimulation in order to avoid artefacts induced by unipolar systems. The methods for recording MRD were the same as those employed in our previous studies (Derambure et al., 1993; Defebvre et al., 1994 Defebvre et al., , 1996 Defebvre et al., , 1998 Guieu et al., 1999; Devos et al., 2002) . During EEG recording, the subject sat comfortably in an armchair and stared at a ®xed point. The arm was held to the side, with the forearm resting on the armrest and each hand in a sheath. The wrists were straightened in an intermediate prosupination position (thumb on top) and the ®ngers were held in a straight, resting position. Other than wrist¯exion, no movement of the studied limb was possible. During each recording, patients were instructed to perform the same unilateral, brisk, selfpaced, 45°wrist¯exion movements with the more akinetic hand (Table 1) , under the four sets of conditions described above. Control subjects performed the same movement in a single session and with the same (right) hand. The movement was executed while maintaining the other arm at rest. Correct execution of movement was controlled by an online video display. Each movement was repeated with a variable time interval of at least 10 s (time intervals of less than 10 s were eliminated), followed by a slow return to the resting position. The movement amplitude was limited by two abutments. For each condition, we recorded (over a 20 min period) at least 50 EEG epochs lasting 10 s surrounding the movement and free of artefacts. The patients had a break of 45 min between each session in order to limit the effect of fatigue and to prepare the following condition, with the exception of the interval between the second and the third conditions, where a 2 h break was accorded.
Data recording
Bipolar EMGs were recorded using surface electrodes placed on thē exor carpi radialis. EEG activity was recorded from 37 scalp electrodes located according to the international 10±20 system, referenced to a prefrontal ground placed in front of AFz. Impedances were kept below 5 kW. EMG and EEG signals were sampled at 256 Hz and ampli®ed with a time constant of 0.03 s for EMG and 0.3 s for EEG signals, together with a low-pass ®lter ®xed at 128 Hz.
Data processing
The same EEG electrodes were retained for all four sets of recordings, resulting in the same spatial conditions. MRD was computed from 21source derivations covering the frontal (F) 
, CP4] and parietal (P) [P1, Pz, P2] areas. The location of the source derivations was chosen so as to explore the left and right premotor and PSM areas. Because the movements were performed with either the right or the left hand, i.e. corresponding to the more akinetic hand of each patient (Table 1) , we labelled source derivations in each area which were contralateral to the movements with the letter`c' and those that were ipsilateral with the letter`i'. For further analysis, each of the areas de®ned above was divided into contralateral and ipsilateral regions: frontocentral (FCc and FCi), central (Cc and Ci) and centroparietal (CPc and CPi).
Movement onset and duration were determined from the recti®ed, electromyographic activity. EMG burst duration was evaluated as the time interval ranging from the onset of the EMG burst to a point after the maximum at which the voltage corresponded to 5% of the peak voltage. By using this measure of EMG duration, it was possible to avoid the imprecision of the EMG burst end.
MRD was analysed from 5 s before the onset of movement to 5 s after, and was computed in a narrow frequency band for mu rhythm (peak T1 Hz) using a sixth-order digital FIR ®lter (Pfurtscheller et al., 1989; Guieu et al., 1999) . The mu rhythm was established for each subject by comparing the power spectral densities of the EEG at electrodes C3/C1 or C2/C4 during the interval prior to movement onset (0 to ±2 s) and during the reference interval (±3.5 to ± 4.5 s). The samples were squared and averaged over all trials to obtain the mean power change time-course. To obtain a normalized measure of MRD, the power decrease was expressed as a percentage of a reference value computed within the time interval ranging from 4.5 to 3.5 s before EMG onset. To reduce the variance, temporal resolution was diminished so as to obtain one power value every 125 ms. The signi®cance of the differences between mean powers observed during the reference period and those measured during subsequent 125 ms intervals was also expressed as a probability value (P) using non-parametric statistics (Wilcoxon's signed rank test).
Data analysis
The following parameters were computed for each subject and each condition.
(i) The desynchronization latency prior to the movement onset (expressed in s) was measured for the ®rst of three consecutive signi®cant values (P < 0.01). For each contralateral and ipsilateral region, the source derivation showing the earliest MRD was selected.
(ii) Movement desynchronization was de®ned as the sum of the signi®cant desynchronization values (cumulated percentages) for each region during execution of the movement. The results for both source derivations of each contralateral and ipsilateral region were pooled. In order to take into account the fact that EMG duration varied between subjects and conditions, and to avoid an effect of movement duration on this measure, we divided the movement desynchronization by the EMG duration to allow expression per time unit (%/s). This measure represented each region's degree of cortical activation during the execution phase.
Statistical analysis
In order to assess the effects of STN stimulation and L-dopa on clinical scores, EMG duration, latencies and movement desynchronization, we performed an analysis of variance for repeated measures with two factors: STN stimulation (On, Off) and L-dopa (with, without). The second objective was to compare the latencies and movement desynchronization over each region pair-wise for the four conditions, by using a one-way analysis of variance with the factor condition (Off, On Drug, On Stim, On Both). In the light of the number of subjects, Conover's non-parametric test was performed for both analyses (Conover and Imam, 1981 
Spectral analysis of the mu rhythm peak
For each patient, the same peak was observed in each of the four conditions. STN stimulation thus did not in¯uence the cortical mu rhythm's peak, allowing us to use the same mu rhythm band in the MRD analysis in all of the four conditions for each patient. The peaks observed in the normal controls were in the same range as those of the patients, i.e. between 8 and 12 Hz.
Effect of STN stimulation and L-dopa therapy
Principal, signi®cant effects of STN stimulation [F(1,9) = 156.13, P = 0.0001] and of L-dopa [F(1,9) = 197.81, P = 0.0001] on the bradykinesia subscore were observed, revealing an improvement under STN stimulation with or without L-dopa and under L-dopa with or without STN stimulation. There was no signi®cant interaction between the two treatments; the degree of improvement under STN stimulation was similar to that seen with L-dopa. The same statistical effects were obtained for the UPDRS motor ratings, the CAPIT tapping test scores, the latencies over ipsilateral and contralateral frontocentral and contralateral central regions and the movement desynchronization over ipsilateral and contralateral central regions (Table 2 ). All interactions were insigni®cant except for UPDRS motor rating, for which L-dopa associated with STN stimulation displayed a lesser effect than L-dopa alone. We also observed a trend of latency changes over ipsilateral central regions but it remained insigni®cant ( Table 2 ).
The mu rhythm MRD patterns
In normal controls, the initial desynchronization appeared ®rst over the contralateral central region, then over the contralateral centroparietal region and the ipsilateral central region before movement onset and ®nally over ipsilateral centroparietal, frontocentral and parietal regions at movement onset, followed by a major bilateral central desynchronization during movement (Figs 1 and 2 ). In the Off condition for the Parkinson's disease patients, desynchronization was ®rst observed over contralateral and ipsilateral frontocentral regions and next over central and centroparietal regions. In contrast, the On Drug, On Stim and On Both conditions seemed to share a pattern close to that of normal controls, except for earlier desynchronization over contralateral and ipsilateral central derivations (Figs 1 and 2) . For Parkinson's disease patients, the earliest contralateral central latency was observed in the On Both condition.
These results were con®rmed by the one-way Conover analysis, which revealed a principal signi®cant effect of the condition on latency over the contralateral frontocentral region [F(3,27 Table 2 ). No signi®cant differences appeared when comparing On Stim and On Drug conditions, whereas signi®cant increases in contralateral central latency and movement desynchronization were noted when comparing On Both and both the On Stim and On Drug conditions (Figs 3 and 4, Table 2 ). The frontal, median frontocentral (FCz and Cz) and parietal regions did not display any desynchronization before movement onset in Parkinson's disease patients.
The contralateral and ipsilateral central latencies were signi®cantly greater in controls than in Parkinson's disease patients in the On Drug (U = 4, P = 0.0005 and U = 11, P = 0.003 respectively), On Stim (U = 9, P = 0.002 and U = 6.5, P = 0.001 respectively) and On Both conditions (U = 18, P = 0.015 and U = 9, P = 0.002 respectively), whereas desynchronization latencies over frontocentral, centroparietal and parietal regions were not signi®cantly different. For all regions, movement desynchronization did not signi®cantly differ between the On Both condition and controls.
Relation between cortical oscillatory activity changes and clinical improvement
Latencies over the contralateral, central region seemed to be inversely correlated (10 patients with four conditions per patient) with the UPDRS motor rating (r = ± 0.59, P < 0.001) (Fig. 5) and the bradykinesia subscore (r = ±0.62, P < 0.001). The central, contralateral movement desynchronization also seemed to be inversely correlated with the UPDRS motor rating (r = ±0.66, P < 0.001) (Fig. 5) , the bradykinesia Fig. 1 Spatiotemporal maps of mu rhythm movement-related desynchronization (MRD) averaged over all normal controls and over all patients for each of the four conditions: the Off (without treatment), On Drug (after acute administration of l-dopa), On Stim (under STN stimulation) and On Both (with both treatments) conditions are displayed. Time is expressed on the horizontal axis (time step of 125 ms) from 4 s before to 4 s after the movement onset, which is marked with a black triangle and a thick line. Location of the source derivations are represented by ®ve areas on the vertical axis: frontal (F), frontocentral (FC), central (C), centroparietal (CP) and parietal (P). For each of the ®ve areas, the contralateral side to the movement corresponds to the upper part, the median source derivation to the midline and the ipsilateral side to the lower part. The mean percentage MRD is shown as grey colour coding from 0 to 90%. As stressed in the text, only signi®cant percentage MRD (P < 0.01) values were used to draw the map. The temporal evolution of the recti®ed, averaged EMG triggered on movement onset for the m.¯exor carpi radialis is displayed under each spatiotemporal map. subscore (r = ±0.64, P < 0.001) and the CAPIT tapping test score (r = ±0.51, P < 0.001).
In each condition, the EMG duration appeared to be correlated with the bradykinesia subscore (r = +0.57, P < 0.001) and the UPDRS motor rating (r = +0.58, P < 0.001).
Discussion
During movement preparation and in the absence of STN stimulation or L-dopa, our patients with advanced Parkinson's disease displayed abnormal cortical oscillatory activity patterns with very reduced and delayed desynchronization over the contralateral central region with, in contrast, increased desynchronization over bilateral frontocentral regions. STN stimulation improved motor symptoms by 58% and partially restored the normal pattern of cortical activation by (i) increasing contralateral PSM cortex activation during movement preparation and execution and (ii) decreasing the spread of desynchronization prior to movement onset over the bilateral frontocentral regions. The effect of STN stimulation on cortical mu rhythm desynchronization during movement preparation and execution appeared to be the same as that of acute administration of L-dopa. PSM cortex oscillatory reactivity changes seemed to be correlated with clinical improvement.
Effects of STN stimulation
STN stimulation alone improved the bradykinesia subscore by about 47% and the UPDRS motor score by 58%, which is similar to previous studies, in which the UPDRS motor score decrease ranged from about 45% (41±51%) (CeballosBaumann et al., 1999; Moro et al., 1999; Pinter et al., 1999; Deep Brain Stimulation Study Group, 2001; Simuni et al., 2002; Vingerhoets et al., 2002) to about 60% (58±74%) (Limousin et al., 1997; Krack et al., 1998; Kumar et al., 1998 ; Fig. 2 Time-course of the mu rhythm MRD (hot colours) from ±1500 to +1000 ms in each treatment condition of the Parkinson's disease patients and from ±2000 to + 500 ms in normal controls, with a time step of 250 ms, mapped onto a 3D realistic head model (viewed from above, facing the top of the page) with the real 3D digitized electrode positions. Zero corresponds to the movement onset. The data are pooled from all the subjects in each condition. The black oval emphasizes the earliest latency of the mu rhythm desynchronization in each condition, which is over the contralateral frontocentral region in the Off condition and over contralateral central regions in the three other treatment conditions. Fig. 4 Mean movement desynchronization (expressed in %/s) in each of the four conditions and for each source derivation. *Signi®cant difference (P < 0.01) between the given condition and the Off condition and between the two indicated conditions. Error bars indicate 1 SD. Equally, STN stimulation appeared to in¯uence the abnormal pattern of cortical oscillatory reactivity to movement observed in advanced Parkinson's disease by increasing the desynchronization over the contralateral central derivations during movement preparation and execution, which in turn leads to the establishment of a near-normal pattern of cortical oscillatory activity when compared with previous studies in healthy subjects (Guieu et al., 1999) and to the results from our control group. However, compared with healthy subjects, the central latencies remained shorter under STN stimulation with or without L-dopa (Figs 1 and 2 ).
Previous studies with electrocorticographic (Crone et al., 1998) and intracerebral recordings (Szurhaj et al., 2003) have shown that the signals recorded by the central derivations measured on the scalp do accurately represent the activity of the PSM cortex in the anterior bank of the central sulcus. STN stimulation may therefore partly restore PSM cortex activation during movement in advanced Parkinson's disease. The original concept of the basal ganglia model seems to explain our results clearly, since cortical hypoactivation was considered a major feature of bradykinesia in the parkinsonian state (Obeso et al., 2000) . The dynamic organization of oscillatory activities into different frequency bands between basal ganglia and the motor cortex was ®rst suggested by Brown and Marsden (1998) and was subsequently shown in human Parkinson's disease via the coherence between EEG and local potentials from STN and GPi (Cassidy et al., 2002; Williams et al., 2002) and in animal models of Parkinson's disease (Magill et al., 2001; Tseng et al., 2001) . The correlations between bradykinesia and mu rhythm MRD parameters over the PSM cortex suggest that this structure could also be of major importance for the control of neural activity associated with movement, in addition to the muchstudied, non-primary motor cortical areas (Limousin et al., 1997; Ceballos-Baumann et al., 1999; Gerschlager et al., 1999; Pierantozzi et al., 1999; Obeso et al., 2000) . Paradoxically, STN stimulation at rest decreases the motor cortex blood¯ow in PET studies (Limousin et al., 1997; Ceballos-Baumann et al., 1999) and increases cortical inhibition in transcranial magnetic stimulation experiments (Cunic et al., 2002) . The PSM cortex activity decrease at rest under STN stimulation was thought to be related to improvements in rigidity and off-dystonia (Limousin et al., 1997; Ceballos-Baumann et al., 1999) , whereas the increases in PSM cortex activity during movement observed in our study may be related to improvements in bradykinesia. Thus, these apparently opposite effects of STN stimulation on the PSM cortex activity may in fact depend on the condition of rest or movement.
Performance of the four non-randomized conditions during the same morning may induce a possible effect of fatigue on the results. However, in view of the large differences in mu rhythm desynchronization between the various conditions and the fact that the best results were obtained during the On Both condition (which was the last of the four), we suggest that this potential effect did not signi®cantly interfere with our ®ndings. Moreover, the relatively short recording periods were separated by long rest periods.
Movement duration was clearly decreased by STN stimulation and tended to decrease under L-dopa therapy, even though patients were instructed to perform the same brisk, self-paced 45°wrist¯exion movements in the four conditions. One could legitimately ask whether these modi®cations might induce variations of mu MRD latency during movement preparation. However, it has been demonstrated that brisk versus slow ®nger movements (Stancak and Pfurtscheller, 1996) and brisk versus sustained wrist movements (Cassim et al., 2000) do not induce any signi®cant changes in mu rhythm desynchronization before movement. Thus, in our study, movement duration changes can justi®ably be eliminated as an independent variable determining the cortical activation pattern prior to movement, and should rather be attributed to bradykinesia improvement, as suggested by the correlation between EMG duration and the bradykinesia subscore. However, in other frequency bands, such as the gamma and beta bands, (de)synchronization differences over the motor cortex during phasic versus tonic movement execution may exist .
Furthermore, the percentage of mu rhythm MRD during movement also increased under STN stimulation compared with the Off condition. This could be considered as another parameter for improvement of oscillatory reactivity in the PSM cortex. However, this could also be related to variation in afferent feedback as a function of the decreased movement duration, following the improvement in bradykinesia under STN stimulation with or without L-dopa. STN stimulation reduced the latency desynchronization over the bilateral frontocentral regions, the latter probably corresponding to the premotor cortex. This frontocentral spread of desynchronization in the absence of any treatment was not observed in our normal controls and has also never been noted in mild Parkinson's disease under the same movement and analysis conditions (Defebvre et al., 1994 (Defebvre et al., , 1996 : however, it was noticed previously in advanced Parkinson's disease under conditions similar to our Off situation (Devos et al., 2002) . This abnormal cortical activity could re¯ect impaired activation, as suggested by the reduced amplitude of the contingent negative variation (Gerschlager et al., 1999) and the decrease in premotor cortex blood¯ow (Limousin et al., 1997; Ceballos-Baumann et al., 1999; Brooks and Samuel, 2000) . However, we should bear in mind that the PET scan technique and MRD each reveal different phenomena and possess different time and spatial resolutions. The supplementary motor area and cingular cortex have an internal frontal topography which is not detected with precision by the scalp recordings in MRD, and PET studies are unable to detect the rapid changes that occur during preparation and execution phases.
Comparison of STN stimulation and L-dopa effects
In mildly impaired Parkinson's disease patients, desynchronization latency was signi®cantly increased over the contralateral PSM cortex after chronic (Defebvre et al., 1998) and acute administration of L-dopa with either ®nger movement (Magnani et al., 1997) or simple and sequential hand and elbow movements (Wang et al., 1999) . Here, in advanced Parkinson's disease, we observed the same improvement in desynchronization parameters during the preparation and execution phases. The lack of any signi®cant difference in desynchronization parameters between STN stimulation and acute administration of L-dopa suggested the same effect on the cortical oscillatory activity changes during preparation and execution of a simple, self-initiated, distal movement. They seemed to induce the same partial restoration of normal pattern. Using transcranial magnetic stimulation, STN stimulation displayed the same effect on short-interval intracortical inhibition as pharmacological dopaminergic therapy (Cunic et al., 2002; Pierantozzi et al., 2002) . However, it has no effect on the silent period duration and long-interval intracortical inhibition, which are also in¯uenced by dopaminergic drugs (Cunic et al., 2002) . Furthermore, many other factorsÐfor example, the dif®cult STN targeting and the age and dopa sensitivity of the patients (Welter et al., 2002) Ðcould in¯uence STN stimulation ef®ciency. Hence, mechanisms of improvement should always be considered in the light of the clinical results. In our study, all patients were highly dopasensitive, with a 59% mean decrease in UPDRS score. The rate of UPDRS decrease under STN stimulation was also close to the mean dopa sensitivity observed in previous studies (Krack et al., 1998; Deep Brain Stimulation Study Group, 2001; Welter et al., 2002) .
During the On Both condition, we observed a mild but signi®cant improvement of clinical scores, latency and movement desynchronization over the PSM cortex compared with the On Stim and On Drug conditions. The complementary effect of STN stimulation and L-dopa suggested two different potential mechanisms of action: L-dopa acts on the nigro-striatal dopaminergic projections (i.e. allowing restoration of inhibitory input to the striatum) (Gibb, 1997) , whereas STN stimulation appears to modulate STN hyperactivity through the STN or near the STN by the spread of current to the large ®bre bundles via either functional blockade or postsynaptic facilitation (Ashby et al., 1999) . STN stimulation prevents the transfer of certain neuronal information, particularly the abnormal ®ring pattern related to parkinsonian signs (Beurrier et al., 2001; Hashimoto et al., 2003) .
Comparison of the effects of STN and GPi stimulation
Like STN stimulation, GPi stimulation reduced the abnormal spread of desynchronization over frontocentral regions and increased desynchronization during movement over PSM cortex, whereas, unlike STN stimulation and l-dopa, GPi stimulation failed to increase PSM cortex activity during the preparation phase when the same method and movement paradigm were used (Devos et al., 2002) . GPi stimulation seemed to induce a more restricted temporal effect on the PSM cortex during movement. The lack of an enhancing cortical effect of GPi stimulation during the preparation phase of a distal movement was also found in PET studies, which either failed to reveal any modi®cation (Limousin et al., 1997) or indicated only a signi®cant increase in ipsilateral supplementary motor area activity and a decrease in activity of the contralateral cingulate motor area (Fukuda et al., 2001) . Furthermore, the association of GPi stimulation and ldopa also led to a more limited temporal and spatial improvement of the PSM cortex oscillatory activity than did the association of l-dopa and STN stimulation, the only signi®cant increase in activity being that of Cc derivations during the preparation phase. Both STN and GPi stimulation studies displayed good concordance between PSM cortex oscillatory activity and the clinical outcomes (Devos et al., 2002) . The lesser ef®ciency of GPI stimulation versus STN stimulation has also previously been observed clinically (Limousin et al., 1997; Krack et al., 1998; Deep Brain Stimulation Study Group, 2001; Krause et al., 2001) . However, in another study, both STN and GPi stimulation induced the same improvement in bradykinesia . Thus, in addition to hypothetical differences in thè dynamic organization' of the basal ganglia, this observation principally suggests dissimilarities in the electrode placement relative to the higher volume of stimulation of the pallidum and its functional, topographic differences. Indeed, contrasting anti-akinetic or anti-dyskinetic effects (Bejjani et al., 1997; Krack et al., 1998 a, b; Yelnik et al., 2000) have been observed when the electrode was applied to the external or the internal pallidum, respectively.
Cortical oscillatory activity patterns in Parkinson's disease
Comparison of our results with previous work using the same movement paradigm suggests that the desynchronization latency over the PSM cortex decreases with disease severity and clinical disability (Defebvre et al., 1996 (Defebvre et al., , 1998 . Indeed, in the Off condition, the latency value was 380 ms for patients with a disease duration of 14 years and a UPDRS motor score of 45, whereas it was 1250 ms in de novo untreated hemiparkinsonian patients with a disease duration of 1.65 years and a UPDRS motor rating of 19 (Defebvre et al., 1996) , and has ranged from 1500 to 2000 ms in normal subjects in previous studies (Guieu et al., 1999) and in the present study. Moreover, desynchronization parameters in general (and latencies in particular) seemed to be correlated with bradykinesia scores. Consequently, our observation of decreased desynchronization over the PSM cortex might well support the hypothesis of cortical hypoactivation, increasing as the disease worsens and thus contributing to bradykinesia. The decrease in cortical desynchronization observed during movement phases might be explained by an abnormal state of hypersynchronized thalamocortical activity in Parkinson's disease (Brown and Marsden, 1998) . Indeed, a pronounced tendency towards synchronization at a frequency below 20 Hz has been demonstrated in the STN of Parkinsonian patients (Levy et al., 2000) : pathologically exaggerated movement-related synchronization was also recorded in the STN, the GPi and the motor cortex of untreated parkinsonians at frequencies of 20 Hz (Cassidy et al., 2002) . Our results suggest that the movement-related, frequency-speci®c decrease in desynchronization recorded at the cortical level may concern the mu rhythm band below 20 Hz and may be exacerbated with worsening disease.
In conclusion, our study displayed a partial restoration of cortical oscillatory activity patterns in Parkinson's disease by STN stimulation and showed that it is possible to in¯uence movement-related cortical reactivity through the basal ganglia. We intend to analyse the relationship between movement-related oscillatory reactivity in both the PSM cortex and the STN by recording both structures in patients immediately after surgery.
